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We report on spei heat measurements in Ba1−xKxFe2As2 (x ≤ 0.6). For the underdoped
sample with x = 0.2 both the spin-density-wave transition at T = 100 K and the superonduting
transition at 23 K an be identied. The eletroni ontribution to the spei heat in the super-
onduting state for onentrations in the viinity of optimal doping x = 0.4 an be well desribed
by a full single-gap within the BCS limit.
PACS numbers: 74.25.Bt, 74.25.Fy, 75.30.Fv
Sine the disovery of superondutivity in Fe-based
pnitides,
1,2
the superonduting (SC) transition tem-
perature ould be raised from Tc = 27 K to a max-
imum of 55 K in the so-alled 1111-systems RFeAsO
(R = La - Gd).3 Subsequently, further lasses of SC om-
pounds ontaining FeAs layers were reported: the 122-
systems AFe2As2 with A = Ba, Sr, Ca, Eu and a Tc up
to 38 K,
4,5,6,7
the 111-ompounds LiFeAs and NaFeAs
8,9
and the binary halogenide systems like Fe1+xSe.
10,11,12
Reently, ompounds where the superonduting FeAs
layers are separated by onduting transition-metal ox-
ide bloks were reported with Tc = 37 K.
13,14,15
In the
rst two material lasses, the mother parent ompounds
undergo a transition from a poorly metalli state with
tetragonal symmetry to a spin-density wave (SDW) low-
temperature state with orthorhombi distortions.
16,17,18
The SC state in the 122 ompounds an be reahed, e.g.,
by substituting the A-site ions by K4,5 or doping the FeAs
layers with Co.
6,7
One exiting and ontroversial issue is the ompeti-
tion or oexistene of magnetism and superondutivity
in the underdoped onentration regimes and the relation
to the strutural distortions. While in the 1111-systems
magnetism seems to be ompletely suppressed before su-
perondutivity appears,
19
in Ba1−xKxFe2As2 the oex-
istene of orthorhombi distortions and superondutiv-
ity has been reported up to x ≈ 0.2 (Tc ≈ 26 K),
17,18
and
the persistene of long-range antiferromagneti ordering
up to x = 0.3.20 Several loal-probe studies like µSR
found evidene for a phase separation into SC and anti-
ferromagneti domains.
21,22,23
Reent neutron sattering
studies on lightly Co doped BaFe2As2 revealed that the
strutural and antiferromagneti transition do not our
onomitantly for x > 0 and that for x = 0.047 both an
AFM and a SC transition are present.
24,25
The symmetry of the SC order parameter is another
important question under disussion: A growing number
of theoretial and experimental studies seem to be onsis-
tent with theoretially suggested s
±
-wave model
26,27
with
a sign reversal between the two Fermi surfaes. How-
ever, the existene of line nodes has not been laried
yet. For example, nulear magneti resonane or ther-
mal ondutivity studies report both evidene for a fully
gapped state
28,29
and for nodal lines.
30,31,32,33
ARPES
measurements revealed again nearly isotropi and node-
less gaps.
34,35,36,37
This ontroversy seems to be related
to the eets of doping,
38
whih is in agreement with the
ndings in Ba1−xKxFe2As2, where a fully gapped state
seems to exist for x ≃ 0.3,29 but KFe2As2 reportedly
exhibits line nodes.
33,39
Spei heat measurements provide lear signatures of
the antiferromagneti and SC phase transitions and are
sensitive to the symmetry of the SC order parameter,
whih determines the eletroni part of the spei heat
below Tc. The spei heat of several samples with a
nominal omposition in the viinity of the optimal dop-
ing x = 0.4 have been reported previously16,18,40,41,42
and it beame lear that a major diulty onsists
in modeling the normal state ontribution to the spe-
i heat.
43
Hene, most studies foused on the eval-
uation of the jump in C/T at the superonduting
transition.
16,18,40,41,43
Mu et al. extrated the eletroni
spei heat in the SC state and tted the data using s-
wave isotropi BCS theory with a single gap∆ = 6meV42
in agreement with the low-energy gaps reported by other
experimental tehniques like optial spetrosopy and
ARPES (see e.g. Ref. 44 and referenes therein).
In this work we report on the spei heat of poly-
rystalline Ba1−xKxFe2As2 for x ≤ 0.6. A part of the
data was presented without a detailed analysis already
in Ref. 18. We model the normal-state ontribution of
the spei heat to aess the anomalies at the SC and
magneti phase transitions. For x = 0.2 we observe a
strongly broadened SDW anomaly and a superondut-
ing transition at about 23 K. Conerning the symmetry
of the SC order parameter we nd that the eletroni part
of the spei heat in the SC state around the optimal
doping x = 0.4 is well desribed by using a single gap.
Polyrystalline samples of Ba1−xKxFe2As2 with x =
0.0, 0.1, 0.2, 0.3, 0.5, and 0.6 were prepared as desribed
20
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FIG. 1: (olor online) C/T vs. T of Ba1−xKxFe2As2 for
x ≤ 0.2. The lines are ts to the data of the high temperature
struture (see text). Insets: Residual heat after subtrating
the model from the experimental data. Arrows indiate on-
tributions assigned to FeAs.
in Refs. 17,18 and haraterized by X-ray powder dira-
tion and resistivity measurements. The magneti proper-
ties were studied using a ommerial SQUID magnetome-
ter (Quantum Design MPMS-5) with external magneti
elds up to 50 kOe. The heat apaity was measured
in a Quantum Design Physial Properties Measurement
System for temperatures from 2 K < T < 300 K.
The main frames of Fig. 1 show the spei heat di-
vided by temperature C/T of the samples with x ≤ 0.2.
Anomalies attributed to the reported SDW transition an
be identied at 140 K and 134 K for x = 0 and x = 0.1,
respetively. In the ase of x = 0.2, however, only an ex-
tremely broadened and weak feature at around 100 K an
be presumed, although a strutural transition was learly
identied to our in this temperature range.
18
Similarly,
suseptibility measurements showed bulk superondu-
tivity in this sample below 23 K, while no evident feature
was disernible in C/T at this temperature.18 To reveal
the SDW and superonduting transitions, we model the
spei heat above the orresponding SDW and super-
onduting transitions by
C(T ) = D(θD, T ) + 2E(θE1, T ) + 2E(θE2, T ) + γT (1)
where D and E denote isotropi Debye and Einstein on-
tributions with the orresponding Debye and Einstein
temperatures θD, θE1, and θE2 and γ is the Sommerfeld
oeient. The ratios were kept xed for all investigated
samples to omply with the lattie degrees of freedom.
We started out with the sample with x = 0.3, beause at
this onentration no strutural or magneti transitions
seem to our and the system remains tetragonal down
to lowest temperatures.
18
The parameters obtained for
Ba0.7K0.3Fe2As2 were then slightly adapted to desribe
the spei heat in the tetragonal phase for the samples
with x ≤ 0.2. The resulting urves reprodue the data
niely in the tetragonal phase and are shown as solid
lines in Fig. 1 for T ≥ TSDW and the extrapolations for
T < TSDW are shown as dashed lines. The obtained t
parameters are listed in Tab. I.
The data after subtration of the modeled normal-state
ontribution (C − Cfit)/T is shown in the orrespond-
ing insets of Fig. 1. Immediately, one reognizes the
sharp SDW transitions for x = 0.0 and x = 0.1. For
x = 0.2 a strongly broadened anomaly at around 100 K
now beomes learly visible, in agreement with the ob-
served SDW anomalies in the resistivity and the stru-
tural transition.
18
The weak features visible at about
70 K and present in all three samples are probably traes
of binary FeAs, whih reportedly orders helimagnetially
in this temperature range.
45
Hene, subtrating the mod-
eled normal-state ontribution allows to reveal the SDW
transition anomalies, but the validity of this modelling
is naturally limited by the eletroni reonstrution, the
possible ontributions of magneti exitations, and the
strutural hanges ourring at the SDW transition.
Therefore, we follow a dierent route to unover the SC
transition in the x = 0.2 sample whih was revealed by
suseptibility measurements to our at about 23 K.
18
We used the data for the pure BaFe2As2 as a refer-
TABLE I: Fit parameters for the spei heat of
Ba1−xKxFe2As2 at various doping levels using Eq. 1.
x θD/K θE1/K θE2/K γ/
mJ
mol K
2
0.0 144 183 365 53
0.1 144 183 365 65
0.2 144 183 365 65
0.3 144 183 365 53
0.4 144 185 378 49
0.5 145 186 374 54
0.6 155 188 359 58
3FIG. 2: Dierene of the spei heat for x = 0.2 and x = 0.0
divided by temperature.
ene for a system in the SDW state state but without
superondutivity at low temperatures. Moreover, the
normal-state parameters for both ompounds are very
similar. The resulting low-temperature eletroni spe-
i heat is shown in Fig. 2. A lear anomaly with
a midpoint temperature of Tc = 22.9 K and a jump
∆C/Tc = 19.2 mJ/molK
2
is in good agreement with
the SC transition temperature determined from susepti-
bility measurements.
18
We would like to emphasize that
both the SDW transition and the SC anomaly are very
broad and indiate a distribution of the orresponding
transition temperatures. We interpret both features as
due to strong magneti and SC utuations similarly to
the results reported for Co doped BaFe2As2.
24,25
Having disussed the data for the samples whih ex-
hibit a SDW transition, we now turn to the samples
where magneti ordering and orthorhombi distortions
are absent and the struture remains tetragonal down to
lowest temperatures: The main frames in Fig. 3 show
C/T vs. T of Ba1−xKxFe2As2 for x = 0.3, 0.4, and
0.5. The transitions into the superonduting states are
learly visible as peaks in the experimental data for all
three ompounds. Again, the lines are the modeled ele-
troni and lattie ontributions of the normal state a-
ording to Eq. (1) using the parameters given in Tab. I.
The model reprodues the data above Tc niely.
The eletroni part obtained by subtrating the mod-
eled normal-state ontribution is shown in the orre-
sponding insets. The residual eletroni spei heat Cel
an be well desribed by the BCS derived α-model:46,47
Cel = T
dSel
dT
(2)
Sel = −
6γ
π2kB
∞∫
0
dǫ (f ln f + (1− f) ln(1− f)) (3)
Here, the ratio of the energy gap ∆0 at 0 K and Tc is
not xed (2∆0/kBTc = 3.53 in the BCS theory) but left
as a free tting parameter. The Fermi-Dira distribution
f = f(E, T ) = [exp(E/kBT )+ 1]
−1
is determined by the
energy E =
√
ǫ2 +∆2(T )), where ǫ denotes the energy of
independent fermion quasipartiles measured relative to
the Fermi surfae. The temperature dependene of the
gap ∆(T ) = ∆0 δ(T/Tc) is assumed to be the same as
alulated by Mühlshlegel,
48
where δ is the normalized
BCS gap in the limit of weak-oupling superondutors.
The obtained t urves are shown as solid lines in the
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FIG. 3: (Color online) Temperature dependene of C/T of
Ba1−xKxFe2As2 for x = 0.3, 0.4, and 0.5. The lines in the
main frames are ts using Eq. (1) in the normal ondut-
ing state. Extrapolation of the ts to lower temperature are
dashed. The insets show the dierene between C/T and
the modeled phonon ontribution normalized by the normal-
state Sommerfeld oeient γ together with a t aording
to Eqs. (2) and (3).
4TABLE II: Parameters determing the eletroni spei heat
for Ba1−xKxFe2As2 aording to the model desribed in the
text.
x = 0.3 x = 0.4 x = 0.5
Tc / K 36.5 37.3 36.0
∆0 / K 68 78 66
2∆0/kBTc 3.73 4.14 3.67
FIG. 4: (Color online) Critial temperatures and SC gaps
plotted vs. doping level x. Lines are drawn to guide the eye.
Data for x = 1.0 is taken from Ref. 39. Inset: Coupling
parameters 2∆0/Tc vs. x ompared to the BCS value of 3.53.
insets of Fig. 3.
For the Sommerfeld oeient γ we xed the value
to the parameters given in Tab. I for the normal state.
The above model leads to the t parameters presented
in Tab. II. As expeted the optimally doped sample
with x = 0.4 exhibits the highest values for Tc = 37.3 K
and ∆0 = 78 K. The ritial temperatures for the om-
pounds with x = 0.3 and x = 0.5 are lose to this op-
timal value, but the zero temperature gaps are already
redued (Fig. 4). The oupling parameters 2∆0/Tc are
in good agreement with the BCS value of 3.53. For the
sample with x = 0.4, the ratio 2∆0/Tc = 4.14 is en-
haned signaling stronger oupling (see inset of Fig. 4).
The orresponding gap value ∆0 = 6.7 meV is in good
agreement with the 6 meV derived by Mu et al. from
spei heat and orresponds to the small-gap value ob-
served also by ARPES, optial spetrosopy, and other
tehniques (for an overview see e.g. Ref. 44 and refer-
enes therein). Sine the transport properties within the
suggested s
±
symmetry an be onsidered the same as for
a onventional two-gap superondutor,
26
we also tried to
desribe our data using two gap parameters. However,
this proedure did not yield a signiant improvement
of the t and, therefore, we onlude that the eletroni
part of the spei heat is dominated by the low-energy
superonduting gap without nodes.
In summary, our spei heat measurements revealed
the existene of two phase transitions for the sample
with x = 0.2, a broad transition at about 100 K as-
soiated with magneti ordering and a broad anomaly
at transition to the superonduting ground state at
23 K. Moreover, the eletroni part of the spei heat
of Ba1−xKxFe2As2 in the viinity of optimal doping
(0.3 ≤ x ≤ 0.6) ould be well desribed by the phe-
nomenologial α-model for a s-type superondutor with
a single full gap and oupling parameters 2∆0/Tc lose
to the weak-oupling BCS limit.
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